Post-translational modification of proteins with ubiquitin represents a widely used mechanism for cellular regulation. Ubiquitin is activated by an E1 enzyme, transferred to an E2 conjugating enzyme and covalently linked to substrates by one of an estimated 600 E3 ligases (1). RING E3 ligases play a pivotal role in selecting substrates and priming the ubiquitin loaded E2 (E2~Ub) for catalysis (2,3). RING E3 RNF4 is a SUMO targeted ubiquitin ligase (4) with important roles in arsenic therapy for cancer (4,5) and in DNA damage responses (6,7). RNF4 has a RING domain and a substrate recognition domain containing multiple SUMO Interaction Motifs (SIMs) embedded in a region thought to be intrinsically disordered (8). While molecular details of SUMO recognition by the SIMs (8-10) and RING engagement of ubiquitin loaded E2 (3,11-15) have been determined, the mechanism by which SUMO substrate is delivered to the RING to facilitate ubiquitin transfer is an important question to be answered. Here, we show that the intrinsically disordered substrate-recognition domain of RNF4 maintains the SIMs in a compact global architecture that facilitates SUMO binding, while a highly-basic region positions substrate for nucleophilic attack on RING-bound ubiquitin loaded E2.
disordered, distance measurements using single molecule Fluorescence Resonance Energy
Transfer (smFRET) and NMR paramagnetic relaxation enhancement (PRE) revealed that it adopts a defined conformation primed for SUMO interaction. Mutational and biochemical analysis indicated that electrostatic interactions involving the highly basic region linking the substrate recognition and RING domains juxtaposed those regions and mediated substrate ubiquitination. Our results offer insight into a key step in substrate ubiquitination by a member of the largest ubiquitin ligase subtype and reveal how a defined architecture within a disordered region contributes to E3 ligase function.
Main
Previous NMR analysis of RNF4 revealed an N-terminal domain containing the 4 SIMs with poor chemical shift dispersion, indicative of a disordered region (8) . Analysis of a sub-region encompassing SIMs 2+3 bound to diSUMO showed that the SIM 2+3 region adopts a "kinked" conformation that restrains the two linked SUMOs (8) . We hypothesised that in the absence of SUMO chains the SIM containing region exhibits an extended, disordered conformation that becomes more ordered and compact upon binding to SUMO chains. To test this hypothesis, we performed smFRET measurements to determine the solution structure and dynamics of the RNF4 SIMs region. A series of RNF4 N-terminal (RNF4N) peptides containing pairs of cysteine residues were generated (RNF4N 30/57, 44/70 and 57/84), and subsequently labelled with Cy3B/Alexa647 FRET pair (R0~60 Å (16) ). Dye labelling did not interfere with SUMO chain binding (Extended data Fig. 2 ). Using the NMR "kinked" structure (8) of the SIM 2+3 region bound to a SUMO dimer and the Förster distance (R0 60 Å) of the FRET pair, we predicted a FRET efficiency value (EFRET) of 0.6 using the accessible volume method (17) peaks are absent in the spectra. In RNF4N labelled at residue 70 the distance between the spin label and the termini would be over 100 Å in a purely extended conformation, therefore PRE determinations indicate that both termini fold back towards the middle of the sequence.
To capture potential conformations of RNF4 in its disordered state, we used unbiased coarse-grained (18) To address the role of the basic region in the function of RNF4 as a SUMO targeted ubiquitin E3 ligase we compared the ability of full length versions of RNF4 and RNF4 ∆Basic to incorporate fluorescently labelled ubiquitin in response to increasing 4xSUMO substrate concentrations.
In the presence of 4xSUMO substrate, RNF4 catalysed the incorporation of free ubiquitin into higher molecular weight material and this was severely compromised with RNF4 ∆Basic ( Located between the SIMs and the RING is a basic linker that mediates delivery of substrate to the catalytically primed RING-E2~Ubiquitin. As many ubiquitin E3 ligases or their targets contain regions shown or predicted to be disordered (20) (21) (22) , this work provides a framework for understanding how the RING and substrate adapter regions of an E3 ligase co-operate to ensure efficient ubiquitin transfer. More generally it provides new insight into how dynamic and intrinsically disordered proteins can adopt ensembles containing preferred structures that are essential for function, and supports the idea of electrostatics driving intermolecular interactions between disordered proteins (23). 
Figure legends

Materials and Methods
Cloning and production of recombinant proteins
All constructs are described in Extended data tables 5 and 6. Full length RNF4 variants (genes synthesized by GenScript) were expressed from the pLOU3 vector in Escherichia coli BL21 (DE3) cells, while RNFN 27-118 variants (gene fragments produced as gBlocks by IDT and recombined into pHis-TEV-30a using New England BioLabs HiFi assembly) were expressed from pHis-TEV-30a vector in E. coli Rosetta (DE3) cells as previously described (1, 2) . 15Nenriched RNF4N 30-118 and 32-133 (gBlocks recombined into pHis-TEV-30a using New England BioLabs HiFi assembly) were expressed from pHis-TEV-30a vector in E. coli Rosetta (DE3) cells as previously described (3) . For 15N-enriched peptides cells were grown at 37°C in M9 minimal medium supplemented with 15NH4Cl (Sigma). Samples were purified by Ni-NTA (Qiagen) chromatography following cleavage with TEV protease. RNF4N peptides were further purified to homogeneity by gel filtration (following biotinylation for single-molecule peptides).
Linear SUMO2 (genes synthesized by GenScript) genes bearing C47A mutations (4xSUMO) was subcloned into pHis-TEV-30a vector, along with a second variant containing a single cysteine at the C-terminus. Fusion proteins were purified as described for RNF4N peptides.
Labelling proteins/peptides with functional groups
RNF4N peptides for single-molecule measurements were biotinylated within a C-terminal AviTag using the E. coli biotin ligase BirA (4). Reactions contained 200 µM AviTag-fused RNF4N peptide, 5 mM MgCl2, 200 mM KCl, 2.5 mM ATP, 800 µM D-biotin in 50 mM Tris, 150 mM NaCl buffer at pH 7.5 (total volume 500 µl). Reactions were incubated at room temperature for 4 hours, followed by overnight incubation at 4°C. Biotinylated RNF4 was then purified by gel filtration and correct mass confirmed by LCMS (see example Extended data figure 1). Next, RNF4N peptides were labelled stochastically with FRET dyes at a 2:2:1 molar ratio (Cy3B: Alexa647: RNF4N), in 50 mM Tris, 150 mM NaCl at pH 7. FRET dyes used contained maleimide function groups for cysteine labelling, with dyes dissolved in DMSO (Cy3B, GE Healthcare; Alexa647, Invitrogen). Reactions were incubated at room temperature for 2 hours before filtration to remove unreacted dyes using Centripure P2 filtration columns, into 50 mM Tris, 150 mM NaCl at pH 7.5. Correct mass of labelled peptides was confirmed by LCMS (see example Extended data figure 1). 4xSUMO fusion protein containing a single cysteine was labelled with Alexa488 (Invitrogen) as described for RNF4N. 15N-enriched RNF4N peptides containing a single cysteine for MTSL labelling were stored under reducing conditions in 50 mM Tris, 150 mM NaCl, 0.5 mM TCEP at pH 7.5.
Immediately prior to labelling reaction, peptides were buffer exchanged using a Centripure P2 filtration column into 50 mM Tris, 150 mM NaCl at pH 7.4. Reactions were performed at a 5:1 molar ratio of MTSL (dissolved in acetonitrile) over RNF4N for 1 hour at room temperature.
Unreacted MTSL was removed using a Centripure P2 filtration column into 50 mM Tris, 150 mM NaCl at pH 7.4, with correct mass of labelled peptide confirmed by LCMS.
Native gel binding assay
Due to the stochastic labelling of RNF4N peptides with FRET dyes, final concentration were only approximations. To assess binding to 4xSUMO (or 6xSUMO) native gel binding assays were performed (5) . RNF4N was mixed with 4xSUMO, final concentrations ~2 µM and 10 µM respectively, and incubated at room temperature for 10 minutes in a total volume of 20 µl.
Protein binding reactions were performed in 50 mM Tris, 150 mM NaCl, 0.5 mM TCEP at pH 7.5. Next, native loading buffer was added to samples resulting in a 10% (v/v) glycerol concentration, before loading onto 6% DNA retardation gels (Invitrogen). Samples were separated 60 V, 4°C in 0.5x tris-borate-EDTA buffer before analysis by in-gel fluorescence using a Bio-Rad ChemiDoc Imaging System.
Molecular modelling of dye positions
For the three-dimensional FRET models produced, the NMR structure PDB: 2MP2 (6) was used as template for the "kinked" model, while the NMR structure PDB: 5M1U (7) was used as template for the extended model. The modelling of dyes was performed using FRET positioning software developed by the Seidel lab (8) . The software produces a sphere that approximates each dye defined by three radii, attached to the peptide by a flexible linker 
Single-molecule total-internal reflection
Single-molecule FRET (smFRET) experiments were performed as previously reported (10) .
smFRET intensity traces were acquired from immobilized peptides using a prism-type totalinternal reflection setup that includes an inverted microscope (Olympus IX71) coupled to a 532-nm laser (Crystalaser) and a back illuminated Ixon EMCCD camera (Andor). Donor and acceptor fluorescence intensities were separated using dichroic mirrors (DCRLP645, Chroma Technology) and imaged onto the left (donor) and right (acceptor) half-chip of the EMCCD.
This setup allowed us to monitor the Cy3B and the Alexa647 signals simultaneously. Images were processed using IDL and data analysis was performed using laboratory-written routines in Matlab as previously described (11) . smFRET trajectories were acquired at 100 ms integration time unless stated otherwise. FRET was calculated from the raw donor and acceptor intensity traces using EFRET = IA/(ID + αIA) where a =0.88 accounts for 12% leakage into the acceptor detection channel (11) . When constructing FRET population histograms, the first ten frames of each movie were averaged to produce an 'average' FRET value for that movie.
Data were acquired in imaging buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 6% (w/w) glucose, 0.1 mg/ml glucose oxidase (Sigma) and 0.02 mg/ml glucose catalase (Sigma), 1 mM Trolox.
Paramagnetic relaxation enhancement (PRE) NMR spectroscopy
A final concentration of ~150 µM 15N-enriched RNF4N fragments were used for NMR measurements, and SUMO chains were added for a monomer ratio of 1:2 for RNF4N:SUMO in the complex studies. Standard 1H-15N HSQC spectra were recorded for these MTSL labelled samples, which were then reduced by adding 2 mM sodium ascorbate and incubated at 4 °C overnight, and 1H-15N HSQC were recorded using the same settings on reduced samples. All experiments were run on a Bruker Avance HD III 800MHz NMR spectrometer at 25 °C. The intensity ratio were then converted into distance restraints (12) .
Molecular dynamics simulations
Initial fully extended conformations of RNF4N wildtype and basic mutant were generated using Modeller v9 (13) and processed with the PDB2PQR server (14) . These were then mapped to course-grained (CG) using SIRAH Tools (15) The CG models were solvated using preequilibrated WT4 molecules in octahedral boxes of 2.0 nm size from the solute. An ionic
Lysine discharge assay
Lysine discharge assays were performed as previously described (20) . E2 (Ubch5a) was first loaded with ubiquitin in the absence of a substrate or E3. The E2~Ub thioester was prepared by incubating 100 µM E2 with 114 µM ubiquitin and 6 µM ubiquitin-Fluorescein, along with 0.2 µM E1 in 50 mM Tris, 150 mM NaCl, 3 mM ATP, 5 mM MgCl2, 0.1% NP40 at pH 7.5.
The reaction was incubated at 37°C for 12 minutes. To stop the loading of E2 with ubiquitin by E1, ATP was depleted using Apyrase (4.5 U/ml; New England BioLabs) at room temperature for 10 minutes. The E2~Ub thioester was then mixed at a 1:1 ratio with RNF4 and L-lysine in 50 mM Tris, 150 mM NaCl at pH 7.5 (final concentrations at 0.3 µM RNF4 and 25 mM L-lysine). The Reactions were incubated at room temperature before quenching using nonreducing SDS-PAGE loading buffer. Samples were subject to SDS-PAGE electrophoresis before analysis for in-gel fluorescence using a Bio-Rad ChemiDoc Imaging System. T=0 was taken before the E2~Ub thioester was mixed with RNF4 and L-lysine
Affinity assay by fluorescence polarization
The binding affinity between RNF4 and 4xSUMO was performed via fluorescence polarization with settings as described for real-time ubiquitination assay. Unlabelled RNF4 was titrated against 1 µM 4xSUMO-Alexa488 in 50 mM Tris, 150 mM NaCl, 0.5 mM TCEP at pH 7.5.
Reactions were incubated at room temperature for 10 minutes before measuring FP.
